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Abstract: Vernacular shading systems dealt with solar radiation as the dominant components driving the heat 
balance equation for the hot, arid climate. Its positive climatic effectiveness as a traditional solution are 
herewith questioned. In order to improve the microclimate conditions at pedestrian level three different 
shading scenarios addressing the form and the opening of shading devices were simulated using CFD Fluent, 
based on two dependant variables including air temperature distribution and wind velocity. The findings show 
that typology and the opening locations are the paramount factors in providing a temperature reduction in the 
urban scale.  
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Introduction 
According to Ibn-Khaldun (14th-century Arab historiographer and historian), one of 
the primary tasks of architecture is to create favourable microclimates where humans can 
live and work (Rotledge and Paul, 1987). Successive processes of trial and error over long 
periods of time have given satisfactory answers of architectural concepts and techniques 
concerning human comfort and the surrounding environment. In Islamic Cairo, a number of 
strategies attributed to the Arab vernacular architecture and urban design were developed 
over a long period of time, such as fabric compactness, the thermal mass of the street 
surroundings' buildings, shading, night ventilation and evaporative cooling. Accordingly, 
shade is still the main variable to be taken into consideration when aiming for the 
rehabilitation of traditional retail streets, and its implementation in locations characterized 
by outdoor hot discomfort conditions for pedestrians (Marques de Almeida, 2006) 
In Fatimid Cairo, The topology and form of the shading structures were designed to 
protect the pedestrians beneath from the hot arid climate (figure 1). The structure was 
shaped and oriented to provide shade by screening solar radiation and the shading 
materials was chosen to absorb and transmit a minimum amount of solar heat into the 
space, and work in conjunction with thermal mass distributed within the enclosure to 
stabilise temperatures. The shading structure was also designed with a number of different 
openings so that the stratified air escapes at night and to allow the daylight to penetrate the 
space in order to reduce the need for artificial lighting.  
The research attempts to investigate three different shading scenarios, in the Fatimid 
city of Cairo, addressing the form and the opening of shading devices by employing 
Computational Fluid Dynamics (CFD) to analyse two dependant variables including air 
temperature distribution and wind velocity. 
  
Figure 1 the base case, as used by ancient town planners in the main commercial Street of the Fatimid city in 
order to provide both shading and daylight  
Comparative study 
The current research parametrically compares two shading configurations against a 
non shaded street in order to obtain the air temperature distribution and natural ventilation 
performance under each scenario. Each tested scenario, of the first two cases, consists of 
one specific geometrical change in the roof structure shapes and opening locations, while 
there was no roof for case number three as shown in Figure 1. The appropriate boundary 
conditions were set according to the same date used in the validation on 1st July 2012 as a 
representative for an extreme hot day (Elnabawi et al. 2013). All results were recorded at 
1.4m above the ground level representing the average thermal affected pedestrians' height 
(Ali-Toudert and Mayer, 2007).  
As shown in Figure 2, the aspect ratio (H/W) was the same for all the cases in being 
equal to 1.5, while the roof structure varied between the different cases. For instance, Case 
1 was fully covered with one opening in the middle which is the existing configuration for 
the Fatimid city of Cairo, Case 2 had a roof 1m higher than the previous cases, with one 
opening on both sides and there was no roof for Case 3. 
 
   
Case 1 (base case) Case 2 Case 3 
Figure 2the alternative configurations for each case study with specific changes in the roof shape and opening 
locations 
CFD simulation model 
All the simulations were adjusted according to the best practice guidelines (BPG) 
scenario for developing existing urban configurations (Blocken, 2012), where the domain 
size, computational grid, boundary conditions, discretisation schemes, algorithms for 
pressure interpolation and pressure-velocity coupling are all well prescribed by BPG as 
stated in table 1. 
Table 1Table 1Requirements for a consistent CFD simulation (AboHela et al., 2012). 
Solution method  Second order schemes or above should be used for solving the algebraic 
equations  
Residuals  in the range of 10-4 to 10-6  
Mesh  Multi-block structured mesh  
Carrying out sensitivity analysis with three levels of refinements where the 
ratio of cells for two consecutive grids should be at least 3.4   
Turbulence model  Realizable k-ɛ turbulence model  
Accuracy of studied 
buildings  
Details of dimension equal to or more than 1m to be included  
Domain dimensions  If H is the building height; lateral dimension = 2H+building width  
Flow direction dimension = 20H+building dimension in flow direction  
Vertical direction = 6H  
While maintaining a blockage ratio below 3%  
Boundary conditions  Inflow: Horizontally homogenous log law ABL velocity profile _velocity inlet  
Bottom: No-slip wall with standard wall functions  
Top and side: symmetry  
Outflow: pressure outlet  
Computational domain dimension and ABL profile 
One of the main parameters affecting the reliability of the CFD simulation results is 
the horizontal homogeneity of the Atmospheric Boundary Layer (ABL) profile, which means 
the absence of streamwise gradients in the vertical profiles of the mean wind speed and 
turbulence quantities. This flow type occurs when the vertical mean wind speed and 
turbulence profiles are in equilibrium with the roughness characteristics of the ground 
surface. Fulfilling this requirement, first the model was placed in a computational domain 
with dimensions 147m x 85m x 45m as X, Y and Z (length, width and height), respectively. 
Then the user defined function (UDF) was used to specify the inlet boundary conditions 
satisfying equations (1), (2) and (3) for the velocity (u), turbulent kinetic energy (k) and 
turbulent dissipation rate () respectively as mentioned by Richards and Hoxey (1993).  
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Where (𝑢∗)is the friction velocity(m/s), (𝑘 ) is the von Kármán constant (= 0.40 or 0.42), 
(𝐶𝑢) is the turbulence model constant, (z) is the height (m) and (𝑧0)is the aerodynamic 
roughness length (m), which is 0.5m or 1.0m depending on the wind direction. It is 
determined based on the updated Davenport roughness classification (Wieringa, 1992). 
The bottom boundary condition was assigned as a rough wall and standard wall 
functions were used; the roughness height (ks) and roughness constant (Cs) were 
determined according to the relationship between ks, Cs as derived by Blocken et al. (2007b) 
satisfying equation (4) while the roughness length differs according to the nature of the 
terrain which is according to the case study equal 2.0 as described according to Davenport 
et al. (2000) for rough country as City centres with mixture of low-rise and high-rise 
buildings. 
𝑘𝑠 =
9.793 𝑧0
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(Eq. 4) 
The applied boundary conditions comprised of an inlet velocity of 3.5 m/s approaching 
from the north direction and inlet air temperature of 35oC. The boundary conditions were 
assigned as symmetry conditions for all the sides and top boundary conditions, while the 
pressure outlet was imposed for the outlet boundary. The CFD simulations were then 
performed using the commercial CFD code Fluent 13.0 and the 3D steady RANS equations. 
Closure is provided by the realizable k-ɛ turbulence model (Shah et al., 1997). The choice for 
this turbulence model is based on the recommendations by Franke et al. (2004) and on 
earlier successful validation studies for pedestrian-level wind conditions (Blocken et al., 
2007a, 2008b). Pressure velocity-coupling is taken care of by the SIMPLE algorithm. Pressure 
interpolation is second-order, and second-order discretisation schemes were used for both 
the convection terms and viscous terms of the governing equations (Blocken et al., 2012). 
The iterations were terminated when the scaled residuals did not show any further 
reduction with an increasing number of iterations. Horizontal homogeneity for the velocity 
(u), turbulent kinetic energy (k) and turbulent dissipation rate () profiles were achieved 
throughout the computational domain. The profile was written from the outlet to be used 
as the inlet profile for all the simulations in the research. 
The CFD model validation 
According to the best practice guideline (BPG), the study was developed in an existing 
urban configuration with the availability of on-site field measurement. Therefore, the 
simulated CFD output was validated against the experimental measurement for the existing 
case. The results of the validation are presented within the graph as shown in Figure 3, and 
the simulated air temperature is compared with the in-situ air temperature measurements 
taken at three-hour intervals starting from 3:00 until 24:00 on 1st July 2012. It can be 
observed that the simulation results show a consistent trend with the observed ones and 
that the temperature differences are within 0.8°C to 1.2°C.  
 
Figure 3 Comparison between the air temperature measured and the CFD output for the existing case on 1st 
July at pedestrian height of 1.4m 
CFD simulations: comparative results  
Comparison of the vertical profiles of the mean wind velocity  
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In order to examine the effect of wind speed at the pedestrian level, the vertical 
profiles of the mean wind velocity were measured at a point on the centre line of the street 
across the prevailing wind direction with a reference wind speed equal to 3m/s at U10 
(at10m height) based on field measurements. Figure 4 shows the vertical profiles of all the 
cases from 0m at the ground level to 7m at the roof level. All cases may have had a similar 
profile until they started getting closer to the roof and the openings when the vertical 
profiles started to vary.  
All three cases showed a consistent increase in air velocity with height but varied at 
roof level. Case 3 (without a roof) kept on the increasing trend of its vertical profile. In case 
1, the centre roof opening assisted the wind to rise smoothly without much slowing down of 
its speed (almost 0.05m/sec velocity reduction). On contrary to case 2, where there was no 
opening in the roof centre, the wind velocity had to slow down and was released through 
the two side openings instead where the wind velocity reached its maximum, at 2.1m/sec, 
before it declined by reaching roof level recording 0.70m/second. This indicates that roof 
structure and different openings significantly affect the wind profiles beneath. The result is 
consistent with a previous study by Ng et al.(2011), which stated that the wind environment 
at the pedestrian level is not affected by building height but is significantly influenced by 
urban geometry in the pedestrian level.  
 
Figure 4 the vertical profiles of the mean wind velocities from the CFD simulation located at the centre line of 
the street (from 0m on the ground level to 7m on the roof level) 
 
  
 
Case 1 (base case) Case 2 Case 3 
Figure 5 the vertical wind speed contours at the centre line of the model  
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Comparison of air temperature distribution  
The vertical profiles of the mean air temperature were measured at a point on the 
centre line of the street across the prevailing wind direction with a reference air 
temperature at the inlet equal to 35oC, as conducted from the field measurement. As 
illustrated in Figure 6, the air temperature vertical profiles were plotted for all the cases 
from 0m to 7m above the ground level. 
All cases started between 32.4oC to 33.4oC at level zero as the surface temperature, 
which is lower than the inlet temperature due to the shading effect. Once the vertical 
profiles reached the pedestrian level (1.4m) above the ground level, case 3 recorded the 
highest air temperature followed by 1 and 2, all with minimal difference less than (0.2oC). 
The same four cases had the same trend of the vertical profile till reaching the roof level 
when case 2 faced a slight increase in air temperature directly under the roof before 
decreasing again at the side opening level. Therefore, it can be concluded that case 2 
represented the best performance for having the lowest air temperature at the pedestrian 
levels between (1m to 2m above the ground level), as it kept 0.4oC difference with case 3 
and 0.2oC difference with the base case 1. The air temperature distribution was directly 
proportional to level height: the higher the level, the higher the air temperature till the 
vertical profile meets the side openings when the air temperature suddenly increased due 
to the direct contact with the external air temperature at 35oC. This migration of warm air 
to the top of the enclosure offers potentially more comfortable conditions resulting from 
cooler air collecting at ground level in the inhabited zone. Moreover, the results indicated a 
negative correlation between the air temperature distribution underneath the different roof 
shapes and the ambient wind speed, as the wind speed increased about 1.4m and there was 
a rapid drop in temperature. This effect of wind velocity has been reported by numerous 
studies (Ng et al., 2008; Yuan and Ng, 2012), including Cheng et al. (2011), who reported 
that a 1.0m/s to 0.3m/s decrease in the wind speed is equal to a 1.9oC temperature increase, 
and Memon et al. (2010), who stated that air temperatures rose as high as 1.3K when 
ambient wind speed decreased from 4 m/s to 0.5 m/s. 
 
 
Figure 6 the simulated vertical profiles of the air temperature located at the centre line of the street (from 0m 
on the ground level to 7m on the top roof level) 
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Conclusion  
As stated by numerous researchers, (Ali-Toudert and Mayer, 2006; Pearlmutter et al., 
2007; Middel et al., 2014), the shading is the dominant factor driving the heat balance 
equation in the hot, arid regions. shading can provide a favourable reduction of the air 
temperature underneath up to 2.5oC (Elnabawi, 2016) and it can improve the ambient air 
temperature by up to 15% based on a study conducted by Arizona State University in 
Phoenix, which is classified as a hot, arid climate (Love, 2009). However, during the night 
time the effect of the high shading patterns was largely reversed, which impeded the long 
wave radiant heat loss to sky due to the constricted SVF. According to Oke (1981) and 
Barring et al. (1985), the low sky view factor delays the cooling surface during clear calm 
nights where the heat released from the canyon materials is trapped in the canyon air 
volume (Svensson, 2004). In Japan, Kakon and Nobuo (2009) reported that increasing SVF by 
10% would decrease UHI by 0.3% at night time.  
The findings show that the structures' typology is one of the paramount factors in 
providing a temperature reduction on the urban scale while the opening locations is 
responsible for facilitating the heat release to escape at the night-time, where the minimal 
modification between the two scenarios leads to a reduction of air temperature with almost 
0.5oC due to the change in the opening locations and numbers as it causes a higher air 
exchange rate underneath, which has a positive effect in decreasing the air temperature. 
Hence, a high level of shading is required in outdoor environments to increase thermal 
comfort and extend the continuity of the acceptable thermal conditions during the day (Ali-
Toudert and Mayer, 2006; Makaremi et al., 2012; Middel et al., 2014). However, a 
quantitative based study was still required for more different shading patterns.  
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